Deposit Type I [standard LIGA process] (PMMA -planar Ti/Cu/Ti substrate): -Deposition is unidirectional toward the top surface and 100% dense.
Comprised of columnar grains with the long axis parallel to the plating direction. Microstructure in general is uniform throughout deposit.
Deposit Type II (PMMA -planar steel microscreen substrate): -Deposition is also unidirectional with some perturbation above the 100 P holes. The Ni is generally dense and contains columnar grains. Microstructure is non-uniform. Presence of holes in the substrate produced an array of cylindrical hole-affected-zones (HAZ) that contain radially distributed columnar grains with center pinholes.
Deposit Type III (3-dimensional Ni-replication substrate):
-Deposition is multi-directional. The deposits contain columnar grain cells with different orientations depending on the wall location. Voiding may occur near the center of the feature; this is attributed to premature closure of the top mold openings when pulse-plating parameters are not optimal.
Deposit Type IV (3-D Ag fiber-filled PMMA composite substrate):
-The substrate is porous and discontinuous. Microstructure of deposit is nonuniform and unpredictable. It is greatly affected by sidewall morphology, roughness, local Ag-fiber density, and the presence of open pores. The deposits may also exhibit voiding for the same reason as deposit Type III.
It should be kept in mind that the metallurgical characteristics described above were generated from limited samples from the still-evolving processes. Nonetheless, the results should provide valuable technical insight for subsequent molding/electroplating process development and optimization in Sandia National Laboratories, California. 
I. Introduction
X-ray lithography molding of PMMA-Ti/Cu/Ti substrates play a central role in the current prototype LIGA 1 development program at Sandia National Laboratories, California. The process has been developed and used for some years. Nonetheless, alternative process routes that minimize or exclude the x-ray exposure step are still of interest, particularly in cases where large quantities of inexpensive microparts are desired. These alternative molding process research efforts may lead to processes that are potentially more economical and efficient compared to conventional x-ray lithographic molding. A more general, important long-term goal of the LIGA technology development program is the fabrication of high aspect ratio, micro-sized structures that meet high material performance requirements. Any viable molding process being developed should not only be efficient and economical but capable of producing structures that possess required metallurgical characteristics. The microstructure, mechanical properties, texture, and micro hardness of the Ni electrodeposits from the PMMA-Ti/Cu/Ti substrates have been studied (Ref. 1, 2) and well characterized. The main objective of the current study is to evaluate, archive, and compare Ni electroplated from three alternative molding processes with that resulting from standard PMMA-Ti/Cu/Ti substrates.
The results will bring some insight to the on-going molding/electroplating process development in Sandia National Laboratories, California.
II. Experimental Procedure Material
Materials used in the current studies are described in the following Table I .
Sample Preparation
Transverse and longitudinal cross sections were sliced from the deposit with or without substrates as shown in the schematic. The cross-sectional surfaces were ground and polished using standard metallographic techniques. Samples were VHTXHQWLDOO\ JURXQG ZLWK JULW 6L& SDSHUV IROORZHG E\ DQG P Al 2 O 3 slurries. The surface at the end of the process was scratch-free and mirror finish in quality.
Microstructural Examination
Overall deposit integrity was examined using a Leitz optical microscope equipped with a digital capturing system (S-3M0) and JEOL 840 and 6400F scanning electron microscopes using secondary electron images (SEM/SEI). Film microstructure, grain size and morphology were further examined via SEM with backscattered electron images (SEM/BEI). The two SEM/BEI/SEI systems were used interchangeably.
Transverse Cross Section
Longitudinal Cross Section Plating Direction Typical electroplated, released and lapped LIGA microsystems, e.g., a gear and an environmental sensing device (ESD) shuttle, are shown in Figure 1a -b.
An underplated ESD shuttle in the PMMA and released gear were used to evaluate overall deposit integrity and microstructure, respectively. Optical images (Figure 2a-b ) from a longitudinal cross section of an underplated shuttle shows that deposition is unidirectional. The deposit surface is relatively flat and uniform in thickness before reaching the top mold surface (Figure 2 ). This is true for both high and low aspect ratio parts. The deposit is 100% dense with no evidence of voiding.
The microstructure of a lapped/released gear was examined using SEM/BEI. A longitudinal section show that the grains are columnar (<0.3 P ZLGH ZLWK aspect ratios greater than 5. The long axis of the columnar grains is parallel to the plating direction, shown in Figure 3a -b.
The grain morphology and size are generally consistent throughout the part. In some cases, a slight increase in grain size may be seen (Figure 4 ).
The transverse section shows that the grains are equiaxed in the plane perpendicular to the plating direction (Figure 5a-b) . The microstructure of this prototype LIGA Ni-deposit has been studied further by Yang and Kelly (Ref. 1).
Deposit Type II (PMMA Mold: Planar Steel Microscreen Substrate)
Typical test patterns produced from the steel microscreen substrate early in FY01 are shown in Figure 6a-b (Ref. 3) . The underplated and unreleased test pattern was used in studying and evaluating the microstructure. A typical underplated and unreleased pattern is shown in Figure 6a . The steel microscreen substrate contains an array of insulating holes (~100 P LQ GLDPHWHU A longitudinal section of the underplated parts show that the deposition above the steel substrate material is unidirectional toward the mold surface and that the deposit is uniform in thickness (Figure 7a) . But above the microscreen holes, the deposit thickness is not uniform. The deposit surface is concave toward the center of the screen hole as shown in Figure 7b . The same longitudinal crosssection shows that the deposit is 100% dense throughout the part dimension. Cracks are found at several points along the deposit/substrate interface, primarily around the edge of the holes (Figure 7a-b) . On the as-plated transverse surface of the same underplated part, an array of dimples was seen on the top surface above the holes (Figure 8a) . The dimple array layout appears to be a direct reflection of the hole array from the substrate. On the released etched (bottom) side of the fully plated/lapped/released gear, an array of circular disks were seen with a spacing similar to that of the microscreen holes (Figure 8b) . Within the disks, coarse radial features, presumably columnar grains, and a pinhole (>10 P LQ WKH PLGGOH DUH visible (Figure 8c ).
High magnification SEM-BEI images of longitudinal section show that the grains above the steel substrate are columnar with their long axis parallel to the plating direction (Figure 9a-c) . This is similar to those seen on the PMMA-TI/Cu/Ti substrate described above. The grain size increase toward the top is evident throughout the part. The grain structure above the holes is very different from that above the steel substrate. There are clearly areas above the microscreen holes where the film growth is no longer unidirectional towards the plating direction. The long axes of those grains near the holes (the hole-affected zones, or HAZ) slant gradually toward the adjacent holes to fill the gap, and the surface is concave. The depth of the depression is highly dependent on its distance from the center of the hole (Figure 9b-c) . In some cases, the grains seen in the center of the HAZ appear to be equiaxed in the longitudinal section. This is an orientation artifact due to cross section of columnar grains facing towards the front. The HAZ grain structure appears to extend throughout the entire thickness.
SEM/BEI images of transverse cross section confirm the change in grain morphology and size at the HAZ (Figure 10a-b) . The periodic HAZ are circular (~100 P LQ GLDPHWHU DQG FRQWDLQV UDGLDOO\ RULHQWHG FROXPQDU JUDLQV ZLWK pinholes at the HAZ center in many cases. The transverse and longitudinal images together suggest that the HAZ's most likely are 3-dimensional and trapezoidal extending through the film thickness. The columnar grains in the HAZ are oriented perpendicular to the plating direction in a radial fashion. Thin circumferential cracks were also found on the transverse cross-section SEM/BEI/SEI images (Figure 11 ). The cracks most likely correspond to the cracking seen at the deposit/cu-coated steel substrate interface shown in Figure 7a b.
It should be noted that the presence of the dimples is an artifact due to underplating. They can be eliminated easily by overplating and lapping. An interesting consideration regarding the HAZ is that this periodic arrangement of HAZ cylinders in the Ni matrix is characteristic of a composite structure. Whether the HAZ's are beneficial or harmful to material properties and behavior is unclear and is a subject reserved for future evaluation. Pinholes were seen in the center of almost every HAZ on the etched side. The depth of the pinhole has not yet been examined and should be an important issue to address. These pinholes certainly affect the deposit integrity. It should be possible to eliminate or minimize the pinholes formation by optimizing the screen hole size relative to the substrate area.
Deposit Type III (3-Dimensional Ni Replication Mold/Substrate)
The electrodeposition in this case occurs on a solid Ni piece formed by electrodeposition into a Type I LIGA mold (Figure 12 ). The Ni is allowed to overplate and form a continuous thick film on top of the PMMA. The Ni piece, with the inverse topography of the original LIGA mold, is then inverted and used as a substrate for subsequent metal plating. The deposition thus occurs in 3-dimensions since the sidewalls are electrically active. If electrodeposition parameters are not carefully chosen to promote uniform feature filling, small cavities may form at the feature center as shown in the optical images in Figure  13a -c. The original intent of this approach was to attempt to mechanically separate the Ni parts plated into the Ni mold; this proved difficult, and this approach was replaced by a similar one using electrically conductive PMMA molds (see deposit Type IV below).
Macroscopic cavities were found in most features in the particular sample shown in SEM/BEI transverse cross-section (Figure 13c ). The cavity appeared to be confined near the center without access to the surface as shown in longitudinal cross section (Figure 13a-b) . The longitudinal cross-section also indicates the tendency of premature closure at the feature mouth (Figure 14a ). This is especially true for higher aspect ratio features in the mold, where the deposit is in general much thicker near the mouth than the bottom due to a locally higher deposition rate.
The grain morphology and size derived from this mold are similar to those seen in the previous 2-D molds except for their multi-directional nature. The long axis orientation of the columnar grain is dictated by the cathodic sidewall location (Figure 14a-d) . There are cell boundaries separating the columnar grains from those with different orientations, as evidenced by longitudinal and transverse VHFWLRQV )LJXUH DF 7KH LQGLYLGXDO JUDLQV DUH LQ JHQHUDO P ZLGH DQG P long. Voids in the feature center appeared to be completely contained within the deposits.
Deposit Type IV (3-D Ag-Fiber-PMMA Mold/Substrate)
After difficulties with the mechanical separation step for deposit Type III, efforts were focused instead on PMMA substrates that were doped with Ag fibers for conductivity. These substrates are attractive since embossing or injection molding, imparting some desired pattern to the surface in either case, may be employed to form them. After electrodeposition, the substrate can be dissolved with acetone, eliminating the demolding step necessary for deposit Type III.
The samples used in this part of the study were underplated intentionally for electroplating process evaluation in a related investigation (Ref 2). Substrate molds are cylindrical, high aspect ratio (~100 P LQ GLDPHWHU DQG PP LQ OHQJWK and mechanically drilled (Figure 15) . The PMMA composite substrate is porous with pore sizes ranging from 100 to 500 P )LJXUH 7KH $JILEHU GHQVLW\ LQ general is uniform and consistent throughout the substrate (Figure 16b ). The deposits plated on the sidewalls are approximately 10 P WKLFN SEM/BEI images of longitudinal sections show the deposition is multidirectional and in most cases about 10 µm thick on all sidewalls (Figure.17) . The deposits appear to be much thicker at the substrate surface and feature mouth near the top. Two of the four features mouths appeared to be prematurely closed by the thick deposit (Figure 17, Mold c-d) . Large open pores were seen along some features sidewalls (Figure 17, Mold b, c, and d) . These open pores apparently were conductive enough for plating to commence, resulting in large amount of deposited Ni on the original deposit surface (Figure 17, Arrow B) .
The deposit microstructure on the composite substrate is not as predictable as those seen in the previous cases. Grain structure is greatly affected by the substrate sidewall morphology, roughness, Ag-fiber density, and pore density. On the planar surface and smooth sidewalls, the grains are columnar and uniform as in deposit Type I. This is verified by the SEM/BEI images from both longitudinal and transverse x-section (Figure 18a-b) . On the rough non-planar walls, the grain structure is highly irregular for the initial 5 P &ROXPQDU DQG HTXLD[HG JUDLQV DUH present in the same region (Figure 18c ). After the initial 5 P WKH JUDLQ VWUXFWXUH returns to normal columnar.
IV. Summary
The main physical features of all four types of electrodeposited Ni are summarized in this section. Deposit Type I exhibits a consistent microstructure throughout the part dimension. Grains are columnar with an aspect ratio greater than 5, the long axis parallel to the film growth direction. Deposit Type II is composed of columnar grains directly above the steel substrate and radial columnar grains above the microscreen holes. Pinholes were evident in the center of most of the cylindrical regions containing the radial grains; these regions were presumably due to the presence of the insulating holes. Deposit Type III exhibits columnar grains pointing to the feature sidewalls and bottom since deposition occurs on all these surfaces. Voids, associated with deposition parameters that were not optimized, were present at the center of some features. For features that are not very deep (<500 P WKH SURSHU FKRLFH RI SXOVH SODWLQJ SDUDPHWHUV VKRXOG eliminate the voiding, leaving a center seam. The uniformity of deposit Type IV is affected by heterogeneity in the substrate, which is somewhat porous. Some large open pores (>>20 P DIIHFW WKH JHRPHWU\ RI WKH VXEVWUDWH VLGHZDOO OHDGLQJ WR variations in the thickness of the plated Ni film. Deposition in this composite substrate is also multi-directional as seen in deposit Type III. The microstructure is heterogeneous, depending on the substrate sidewall morphology, roughness, and local Ag-fiber density. Void formation is also evident in this deposit type for the same reason as in deposit Type III.
The implication of the above morphological characteristics on the metallurgical properties or material behavior is yet to be examined in all cases. It should be emphasized that the current results are collected from limited samples from still-evolving processes in Sandia National Laboratories, California. The objective of this communication is to report some interesting aspects of the physical structure of electrodeposited Ni arising from deposition on unique substrates. These results should be useful in future process development and optimization.
V. Conclusions
This study has identified important varying characteristics of electrodeposited Ni derived from four molding processes in development at Sandia National Laboratories, California. The results show that the microstructure and the film integrity are greatly affected by substrate molding material and its design configuration. The use of alternative substrates associated with these different molding processes may lead to Ni grain morphologies and structural imperfections that are not typically encountered in Ni deposited on planar, continuous substrates. 
